) is an abundant anion that regulates extracellular and intracellular pH. Here, we use patch-clamp techniques to assess regulation of hippocampal CA3 pyramidal cell excitability by HCO 3 Ϫ in acute brain slices from C57BL/6 mice. We found that increasing HCO 3 Ϫ levels enhances action potential (AP) generation in both the soma and axon initial segment (AIS) by reducing Kv7/ KCNQ channel activity, independent of pH (i.e., at a constant pH of 7.3). Conversely, decreasing intracellular HCO 3 Ϫ leads to attenuation of AP firing. We show that HCO 3 Ϫ interferes with Kv7/KCNQ channel activation by phosphatidylinositol-4,5-biphosphate. Consequently, we propose that, even in the presence of a local depolarizing Cl Ϫ gradient, HCO 3 Ϫ efflux through GABA A receptors may ensure the inhibitory effect of axoaxonic cells at the AIS due to activation of Kv7/KCNQ channels.
Introduction
Bicarbonate (HCO 3 Ϫ ) is a key product of cellular respiration, resulting from the hydration of CO 2 and the subsequent deprotonation of carbonic acid. Thus, HCO 3 Ϫ is one of the most abundant anions in cerebrospinal and intracellular fluids with a typical concentration of ϳ26 mM at physiological pH (7.3-7.4) and pCO 2 (5%; Jungas, 2006; Casey et al., 2010) . Bicarbonate acts as the major pH buffer in most biological systems (under physiological conditions for CO 2 /HCO 3 Ϫ , pK a is ϳ6.1; Jungas, 2006; Casey et al., 2010) . Hence, the steady-state intracellular and extracellular HCO 3 Ϫ concentrations ([HCO 3 Ϫ ] i and [HCO 3 Ϫ ] o , respectively) and fluctuations thereof depend on local proton concentration (i.e., pH). For example, in both vertebrate and crayfish neurons HCO 3 Ϫ flux through GABA A receptor channels controls neuronal excitability by changing local pH (Chesler and Kaila, 1992; Jungas, 2006; Casey et al., 2010) . Moreover, disturbance in this signaling mechanism might play an important role in some forms of epilepsy, and manipulation of brain pH may be a promising approach to therapeutic intervention (Pavlov et al., 2013) . Apart from its well defined role as a pH buffer, HCO 3 Ϫ also is a weak Ca 2ϩ buffer, with a K d ϳ96 mM (Greenwald, 1941; Nakayama, 1971; Jacobson and Langmuir, 1974; Reardon and Langmuir, 1974; Schaer, 1974; Fry and Poolewilson, 1981; Hablitz and Heinemann, 1987) . Despite a relatively low affinity for free Ca 2ϩ , we initially hypothesized that the relatively high [HCO 3 Ϫ ] i may provide physiologically relevant Ca 2ϩ buffering, resulting in the modulation of neuronal excitability. To test this hypothesis, we examined the effects of changing [HCO 3 Ϫ ] i , at a set pH of 7.3, on the firing properties of hippocampal CA3 pyramidal cells (PCs), a cell type that lacks major Ca 2ϩ buffering proteins such as parvalbumin, calbindin, and calretinin (Schwaller, 2010) . We found that HCO 3 Ϫ has a significant effect on neuronal excitability, independent of pH. However, contrary to our initial hypothesis, the effects of HCO 3 Ϫ are not due to a direct modulation of Ca 2ϩ signaling, but rather to an inhibition of Kv7/KCNQ channel activity. Moreover, fluctuations in [HCO 3 Ϫ ] i may control Kv7/ KCNQ channel activation through a phosphatidylinositol-4,5-biphosphate (PIP 2 )-dependent mechanism.
Materials and Methods
Electrophysiology. Horizontal hippocampal brain slices (350 m) were prepared from male C57BL/6J (4 -6 weeks) mice according to protocols approved by the UCLA Chancellor's Animal Research Committee. Mice were deeply anesthetized with isofluorane, avoiding all handling and stress to the animals, and were decapitated using a guillotine. Their brains were quickly removed and cooled to 4°C in a sodium-free cutting solution containing the following (in mM): 135 N-methyl-D-glucamine, 26 HEPES, 10 D-glucose, 4 MgCl 2 , 1.2 KH 2 PO 4 , 1 KCl, and 0.5 CaCl 2 (bubbled with 100% O 2 , pH 7.4, 290 -300 mOsm). Slices were cut in the same sodium-free solution using a Leica V1200S vibratome and subsequently transferred to an interface holding chamber containing a reduced sodium artificial CSF (aCSF) at 32°C containing the following (in mM): 85 NaCl, 55 sucrose, 25 D-glucose, 26 HEPES, 4 MgCl 2 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 (bubbled with 100% O 2 , pH 7.4, 290 -300 mOsm). After 30 min, the slices were allowed to cool to room temperature (22-23°C) and kept in this solution until used for recordings. Brain slices were transferred to a submerged recording chamber at 34°C and perfused at 5 ml/min with aCSF containing the following (in mM): 126 NaCl, 26 HEPES, 10 D-glucose, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 1.5 Na-pyruvate, and 1 L-glutamine (100% O 2 , pH 7.4, 290 -300 mOsm). All salts were purchased from Sigma-Aldrich. DNQX (25 M), D-AP5 (50 M) and gabazine or picrotoxin (20 or 100 M, respectively) were added to block ionotropic glutamatergic and GABAergic transmission (Tocris Biosciences). Slices were visualized under IR-DIC upright microscope (Olympus BX-51WI, 20ϫ XLUMPlan FL N objective) and whole-cell recordings were obtained from CA3 pyramidal neurons with borosilicate patch pipettes (4 -6 M⍀, King Precision Glass) containing a mixture (according to the desired [HCO 3 Ϫ ] p , see below) of two internal solutions: (1) 0 mM HCO 3 Ϫ solution (in mM): 135 K-methanesulphonate, 5 KCl, 10 HEPES, 2 MgCl 2 , 3 NaCl, 0.2 EGTA, 2 Na 2 ATP, 0.2 NaGTP, pH 7.3-7.35 with KOH; or (2) 26 mM HCO 3 Ϫ solution (in mM): 120 K-methanesulphonate, 15 KHCO 3 , 5 KCl, 10 HEPES, 2 MgCl 2 , 3 NaCl, 0.2 EGTA, 2 Na 2 ATP, 0.2 Na 2 GTP. The pH was set to 7.3-7.35 while bubbling with 5% CO 2 /95% O 2 . Internal solutions were stored at Ϫ80°C in one ml aliquots. Before each experiment, intracellular solution aliquots were thawed to room temperature and the 26 mM HCO 3 Ϫ containing intracellular solution (solution 2) was bubbled with 5% CO 2 /95% O 2 for 15-20 min. The pH of both solutions was confirmed to be between 7.3 and 7.35 before each day's experiments. The liquid junction potential (LJP) was ϩ5 mV, but reported V m values have not been adjusted to account for the LJP. The pH drift of the HCO 3 Ϫ containing intracellular solution was confirmed to be Ͻ0.1 pH/h when sealed in an airtight tube. If the HCO 3 Ϫ intracellular solution was exposed to the air, the pH gradually became more alkaline, drifting to pH ϳ7.6 as CO 2 left solution, but had a very slow time constant of ϳ4.5 h. The 26 mM HCO 3 Ϫ intracellular solution was diluted 1:2 or 1:4 with the 0 mM HCO 3 Ϫ solution to produce 13 or 6.5 mM containing pipette solutions, respectively. In a subset of recordings, AlexaFluor 488 dextran (50 M, Tocris Bioscience) was included in the pipette solution to verify the neuronal morphology of CA3 neurons (Fig. 1A) . For PIP 2 experiments, PIP 2 (Echelon Biosciences) was dissolved in deionized water at a stock solution concentration of 1 g/l and stored at Ϫ20°C. Before each experiment, one aliquot of PIP 2 was thawed and diluted into 0 mM [HCO 3 Ϫ ] K-Met pipet solution to a final concentration of 10 or 30 M.
Recording and analysis. Recordings were obtained using a MultiClamp 700A amplifier (Molecular Devices), low-pass filtered at 5 kHz (Bessel, and digitized at 20 kHz with a National Instruments data acquisition board (NI USB-6221). All recording protocols and analyses were performed using custom procedures written in Igor Pro (WaveMetrics).
Current-clamp protocol. After achieving stable whole-cell configuration in voltage-clamp, the amplifier was switched to current-clamp mode. Only recordings with series resistances Ͻ20 M⍀ were used and bridge balance compensation was applied while in current-clamp. After measuring the resting membrane potential, constant current was injected (no more than Ϯ50 pA) into the cell to keep its membrane potential between Ϫ60 and Ϫ65 mV. Current steps (300 ms) from Ϫ100 to ϩ500 pA were injected every 30 s. To induce steady-state action potential (AP) firing, a steady current was injected through the pipette and was gradually increased until spontaneous action potentials were observed (ϳϪ40 to Ϫ30 mV). Spontaneous APs were detected and extracted by calculating the second derivative of the membrane voltage deflection and defining AP initiation as the point at which the second derivative deviated significantly from zero. The second derivative was also used to determine AP threshold and was used as the reference point to measure AP amplitude, fast afterhyperpolarization (fAHP; immediately following the AP) amplitude and medium afterhyperpolarization area. The mAHP was defined as the hyperpolarization immediately following the fAHP and lasting ϳ100 ms (Storm, 1987b (Storm, , 1989 . Statistical analysis of spontaneous AP threshold, amplitude, half-width, fAHP, and mAHP was performed by analyzing 10 consecutive APs and comparing 0 and 26 mM ( [HCO 3 Ϫ ] p conditions with a two-way repeated-measures (RM) ANOVA. Ramp protocols consisted of a Ϫ100 pA step for 1 s, followed by a current ramp to ϩ400 pA (250 pA/s), and then a plateau stage for an additional 3 s. Ramps were applied every 60 s.
Antidromic action current protocols. Whole-cell voltage-clamp recordings were obtained with 0 mM HCO 3 Ϫ pipette solution containing AlexaFluor 488 (50 M) to visualize the axon. A theta glass electrode was positioned near the labeled axon (ϳ250 m away from soma) and antidromic action currents were evoked with 50 -100 s stimuli. Stimulus trains were applied (5 stimuli, 50 Hz) and the stimulus intensity was adjusted so that the probability of evoking an antidromic action current was ϳ50%.
Statistical analysis. Statistics were calculated using GraphPad Prism 6 and statistics procedures in R. Data are presented as mean Ϯ SEM. Nonparametric statistical analysis was used for datasets that deviated from normality (as determined using a QQ-plot) and the respective statistical tests are indicated in the text and figure legends. The median value (Ϯ SE of median) was reported in some cases, because it is a better representation of central tendency for skewed distributions compared with the mean. SE of medians was calculated using resampling procedures in R. For ANOVAs with significance levels Ͻ0.05, post hoc paired tests were performed and corrected for multiple comparisons. Significance level (␣) was set to 0.05. 
Results

Intracellular bicarbonate modulates CA3 pyramidal cell excitability
To assess the influence of [HCO 3 Ϫ ] i on neuronal excitability, AP firing properties were measured in CA3 PCs in acute hippocampal slices in HCO 3 Ϫ -free (0 mM [HCO 3 Ϫ ] o /HEPES buffered, pH 7.4) aCSF containing 25 M DNQX, 50 M D-APV, and either 20 M gabazine or 100 M PTX to block AMPA, NMDA, and GABA A receptors, respectively. Whole-cell recordings were made using pipette solutions containing 0, 6.5, 13, or 26 mM HCO 3
Because the conversion of HCO 3 Ϫ to CO 2 is catalyzed by multiple carbonic anhydrases and CO 2 readily passes through the membrane (Maren, 1967) Ϫ ] i independent of pH, the pH was carefully set to 7.3 for each pipette solution directly before each experiment. Separate experiments confirmed that pH drift, due to CO 2 dissipation out of the pipette solution, was minimal (Ͻ0.1 pH unit) for the typical duration of an experiment.
To measure AP firing, square pulse current steps (300 ms, Ϫ100 to ϩ300 pA) were injected into PCs recorded with either 0 or 26 mM [HCO 3 Ϫ ] p . PCs patched with 26 mM [HCO 3 Ϫ ] p exhibited greater intrinsic excitability, measured by the number of APs, than cells recorded with 0 mM [HCO 3 Ϫ ] p (n ϭ 10 each, p ϭ 0.013, R.M. two-way ANOVA; Fig. 1 A, B) , whereas resting membrane potentials and input resistances were unaffected (Table 1) . Steady firing of spontaneous APs was elicited by gradually depolarizing the cells to Ϫ40 to Ϫ35 mV with constant current injections. AP properties were assessed at these depolarized potentials. We found that the area of the medium post-spike afterhyperpolarization (mAHP) was significantly larger with 0 mM [HCO 3 Ϫ ] p compared with 26 mM [HCO 3 Ϫ ] p (1.12 Ϯ 0.1 vs 0.68 Ϯ 0.1 mV*s; n ϭ 11 for both [HCO 3 Ϫ ] p , p Ͻ 0.0001; Fig. 1CI ,CIII ). However, AP threshold, amplitude, and half-width, were unaffected ( Fig. 1CII ; Table 2 ). Bicarbonate can act as a weak Ca 2ϩ buffer (Greenwald, 1941; Nakayama, 1971; Jacobson and Langmuir, 1974; Reardon and Langmuir, 1974; Schaer, 1974; Fry and Poolewilson, 1981; Hablitz and Heinemann, 1987) and if the effect of HCO 3 Ϫ on the mAHP was Ca 2ϩ -dependent, adding a strong Ca 2ϩ -buffer or reducing Ca 2ϩ entry should abolish this effect. However, the mAHP persisted in the presence of 5 mM intracellular BAPTA or when 50 M Cd 2ϩ was added to the aCSF (data not shown), confirming earlier observations (Storm, 1987a) , and indicating that the reduction of mAHP by HCO 3 Ϫ was not due to fast modulation of Ca 2ϩ signaling. In summary, these data indicate that intracellular HCO 3 Ϫ regulates intrinsic CA3 PC excitability by modulating postspike mAHP, independent of pH and Ca 2ϩ .
Intracellular bicarbonate regulates action potential generation by modulating KCNQ channel activation
Previous reports suggest that a major component of the mAHP in CA1 PCs is mediated by Kv7/KCNQ K ϩ channels, regulating intrinsic neuronal excitability (Gu et al., 2008; Tzingounis and Nicoll, 2008; Cooper, 2011; Klinger et al., 2011 ; red) or AIS (blue) generated APs were determined by calculating the second derivative of each AP. As shown by previous studies (Meeks and Mennerick, 2007) , the second derivative of the voltage traces of somatically generated APs exhibit a biphasic waveform during the rising phase, whereas AIS-generated APs exhibit a pronounced biphasic dip (arrow). B, The site of AP generation transitioned from the soma to AIS during current ramps, most likely due to the large somatic voltage change caused by the current ramp injection protocol, and was consistent and reproducible over multiple ramps (C). The color scale indicates the number of APs in 100 ms bins. Resting membrane potentials and input resistances were not different across all HCO 3 Ϫ conditions. Values are mean Ϯ SEM. Statistical comparisons were calculated using one-way ANOVA. tivation. Similar to previous reports in CA1 PCs (Gu et al., 2005) , bath-application of the KCNQ selective antagonist XE 991 (10 M) abolished the mAHP in both 0 and 26 mM [HCO 3 Ϫ ] p (data not shown), confirming that KCNQ currents constitute a major component of the mAHP in CA3 PCs.
To establish whether [HCO 3 Ϫ ] i can regulate PC excitability by modulating KCNQ channels, we used a current ramp protocol to elicit APs that are sensitive to KCNQ channel activation (Hu et al., 2007 Ϫ ] p (median ϭ 36 Ϯ 4 APs/ramp, n ϭ 14, p ϭ 0.001, Mann-Whitney; Fig. 1D ). Bath application of the KCNQ channel activator retigabine (20 M) reduced the number of elicited APs/ramp with 26 mM [HCO 3 Ϫ ] p (median ϭ 4 Ϯ 3 APs/ramp, n ϭ 4) to levels comparable to 0 mM [HCO 3 Ϫ ] p plus retigabine (median ϭ 1 Ϯ 1 AP/ramp, n ϭ 4, p ϭ 0.36, Mann-Whitney; Fig. 1E ). In contrast, XE 991 (10 M) dramatically enhanced excitability in both 0 and 26 mM [HCO 3 Ϫ ] p , resulting in depolarization block, and rendered AP firing comparable between conditions (0 mM: 19 Ϯ 4 APs/ramp, 26 mM: 22 Ϯ 11 APs/ramp, median Ϯ SEM, n ϭ 4 each, p ϭ 0.65, MannWhitney; Fig. 1F ). Given these data, it is possible that [HCO 3 Ϫ ] i regulates PC excitability by modulating KCNQ channel activation such that a decrease in [HCO 3 Ϫ ] i increases KCNQ channel activity.
Kv7/KCNQ channels are enriched at the axon initial segment (AIS) of pyramidal cells, where they associate with Na V channels via the scaffolding protein ankyrin-G and regulate AP initiation (Gu et Ϫ ] i regulation via KCNQ channels at the AIS. Previous studies have demonstrated APs generated in the soma or AIS exhibit subtle but measurable differences in AP waveforms (Meeks and Mennerick, 2007) . To determine the origin of APs generated during current ramp protocols, the second derivative was calculated for each AP and was categorized as being either somatic or AIS in origin based on its distinct waveform ( Fig. 2A) . In our experiments, somatically generated APs preceded AIS generated APs during the ramp protocol and the number of APs/ramp remained , and an interaction between som. and AIS generated APs (F (3,92) ϭ 2.76, p ϭ 0.046). AIS generated APs were particularly sensitive to a reduction of [HCO 3 Ϫ ] p from 26 to 13 mM. Values given as median Ϯ SE of median. stable during successive ramps (Fig. 2 B, C) . When current ramps were performed with 26, 13, 6.5, and 0 mM [HCO 3 Ϫ ] p , we found that somatic and AIS AP generation was reduced in a dosedependent manner in ( p Ͻ 0.001, two-way ANOVA; Fig. 3A-C,  Fig. 4) Ϫ ] o : 12 Ϯ 7 somatic APs/ramp, mean Ϯ SEM, p Ͼ 0.999, RM two-way ANOVA; Fig. 5 B, C) . No effect of [HCO 3 Ϫ ] o was observed when the experiments were repeated in the presence of XE 991 (data not shown).
To further evaluate the effect of reduced [HCO 3 Ϫ ] i on AP generation at the AIS, we performed voltage-clamp recordings on CA3 PCs with 0 mM [HCO 3 Ϫ ] p and 26 mM [HCO 3 Ϫ ] o . Recorded neurons were visualized by filling with AlexaFluor 488, and antidromic action currents were generated by local axon stimulation (ϳ250 m away from the soma; Fig. 6A ). Stimulation intensity was adjusted to produce ϳ0.5 probability of antidromic action currents ( p AC ) in response to stimulus trains (5 stimuli, 50 Hz; Fig. 6C ). When [HCO 3 Ϫ ] o was washed out with HEPES-buffered aCSF, pH 7.4, the p AC was dramatically reduced from 0.56 Ϯ 0.10 in 26 mM [HCO 3 Ϫ ] o to 0.16 Ϯ 0.05 in 0 mM [HCO 3 Ϫ ] o (mean Ϯ SEM, p ϭ 0.009, n ϭ 5, one-way ANOVA; Fig. 6 B, C, E, F,H ) . The p AC recovered to 0.77 Ϯ 0.16 upon subsequent XE 991 (10 M) application after [HCO 3 Ϫ ] o washout (n ϭ 3, p ϭ 0.142, one-way ANOVA, Fig. 6 D, G,H ) . These data support the hypothesis that reductions in [HCO 3 Ϫ ] i can reduce the probability of AP generation at the AIS though a KCNQ channeldependent mechanism.
Previous studies have demonstrated that changes in [HCO 3 Ϫ ] o can alter intracellular pH and alter neuronal excitability (Schwiening and Boron, 1994; Bonnet et al., 1998) . In our experiments, the intracellular solution used in our recordings was buffered to pH 7.3-7.35 with 10 mM HEPES. Although 10 mM HEPES is typically used to set the pH of pipette solutions during whole-cell recordings, previous reports have demonstrated that 10 mM HEPES may not provide sufficient buffering capacity during periods of high neuronal activity or in the absence of HCO 3 Ϫ -dependent intraneuronal buffering (Schwiening and Boron, 1994; Trapp et al., 1996) . Therefore, we sought to determine to what extent fluctuations in intraneuronal pH may contribute to the excitability of PCs in response to our current ramp protocol. We recorded from CA3 PCs in 0 mM [HCO 3 Ϫ ] o using intracellular solutions buffered with 50 mM HEPES and the pH set to either 7.0 or 7.6. Current ramp protocols performed at these halved or doubled [H ϩ ] relative to our controls (pH ϭ 7.3) revealed no significant effect of intraneuronal pH on the number of APs generated per ramp (pH 7.0: 14 Ϯ 3 vs pH 7.6: 14 Ϯ 4 APs/ramp, median, n ϭ 6 and 5, respectively, p Ͼ 0.99, Mann-Whitney). These data demonstrate that pH fluctuations between 7.0 and 7.6 do not significantly affect CA3 PC excitability in our experimental conditions, and therefore the observed changes in excitability are likely to be directly caused by changes in HCO 3 Ϫ . PIP 2 prevents HCO 3 ؊ -mediated increase in PC excitability KCNQ channels are subject to a number of regulatory pathways and can be controlled via Ca 2ϩ , diacylgycerol, and Src tyrosine kinase, though primary control runs through the phosphoinositide-phospholipase C cycle via PIP 2 (Delmas and Brown, 2005; Suh and Hille, 2008; Andrade et al., 2012; Telezhkin et al., 2012) . Intracellular PIP 2 facilitates KCNQ channel opening in a dose-dependent manner and recent findings demonstrated that PIP 2 is required to couple the voltage sensing domain to pore opening (Zhang et al., 2003; Telezhkin et al., 2012; Zaydman et al., 2013 ). Consequently, we tested the hypothesis that HCO 3 Ϫ regulates KCNQ channel activation through intracellular PIP 2 .
We first tested to see whether CA3 PCs would exhibit an increase in excitability when switching from 0 to 26 mM [HCO 3 Ϫ ] o , analogous to the previous [HCO 3 Ϫ ] o wash out experiments. Whole-cell current-clamp recordings from CA3 PCs were performed in 0 mM [HCO 3 Ϫ ] o and 0 mM [HCO 3 Ϫ ] p and each recording was held for ϳ10 min before beginning the experiment to allow adequate dialysis of the PC with the pH buffered (7.3) internal solution. Wash in of 26 mM [HCO 3 Ϫ ] o aCSF elicited a robust increase in PC excitability from 17 Ϯ 3 APs/ramp to 53 Ϯ 6 APs/ramp after 10 min of wash in (mean Ϯ SEM, n ϭ 6, p Ͻ 0.01, two-way RM ANOVA; Fig. 7A , red trace). When [HCO 3 Ϫ ] o wash in experiments were repeated in the presence of 10 M XE 991, PCs exhibited strong AP generation in 0 mM [HCO 3 Ϫ ] o aCSF, with an average of 49 Ϯ 7 APs/ramp (Fig. 7A, gray Fig. 7A , gray trace).
To confirm that [HCO 3 Ϫ ] o does not affect other conductances underlying AP generation, fast AP waveform properties (i.e., amplitude, half-width, and fAHP) were assessed before and after 26 mM [HCO 3 Ϫ ] o wash in and in the presence of XE 991 ( Fig. 7B ; Table 3 ). No significant effects were observed on AP amplitude, half-width, or fHAP before or after 26 mM [HCO 3 Ϫ ] o wash in with or without XE 991, suggesting that no other major conductances underlying AP generation are affected by HCO 3 Ϫ other than KCNQ channels ( p Ͼ 0.05 for [HCO 3 Ϫ ] o effect, XE 991 effect, and interaction, RM two-way ANOVA; Fig. 7B ; Table 3 ). Interestingly, AP threshold was ϳ2 mV higher in 26 mM [HCO 3 Ϫ ] o whether or not XE 991 was present, but the biological significance of this finding is unclear at this time ( p values: [HCO 3 Ϫ ] o effect ϭ 0.04, XE 991 effect ϭ 0.11, interaction ϭ 0.85, RM two-way ANOVA; Fig. 7B ; Table 3 ).
Having established that 26 mM [HCO 3 Ϫ ] o wash in could dramatically increase the excitability of CA3 PCs and that this effect was dependent on KCNQ channels, we sought to determine whether the HCO 3 Ϫ dependent increase in neuronal excitability could be due to modulation of intracellular PIP 2 . Whole-cell current-clamp recordings from CA3 PCs were performed in 0 mM [HCO significantly increased the number of APs/ramp (ϩ40 Ϯ 4 APs/ramp, n ϭ 6; p Ͻ 0.001, two-way ANOVA; Fig. 8 A, D) . In contrast, including 10 or 30 M [PIP 2 ] in the pipet solution dampened or completely occluded the increase in PC excitability during 26 mM [HCO 3 Ϫ ] o wash in, respectively (10 M [PIP 2 ] p : ϩ19 Ϯ 6 APs/ramp, n ϭ 6, 30 M [PIP 2 ] p : Ϫ2 Ϯ 5 APs/ramp, n ϭ 4; p Ͻ 0.001, two-way ANOVA; Fig. 8B-D) . Therefore, [HCO 3 Ϫ ] appears to inhibit KCNQ channel activation by interfering with the actions of PIP 2 on the channel, resulting in increased neuronal excitability. Ϫ -dependent regulation of KCNQ channels at the AIS. A, Schematic representation of CA3 PC axon initial segment and axo-axonic GABAergic synapse. B, With a depolarized E GABA , activation of synaptic GABA A receptors (GABA A Rs) during synaptic GABA release would result in membrane depolarization leading to an increased AP firing probability at the AIS (gray trace). However, local depletion of [HCO 3 Ϫ ] i through GABA A Rs facilitates PIP 2 -KCNQ channel interactions and consequently KCNQ channel activity (green arrow). Enhanced KCNQ channel activation dampens excitability at the AIS and reduces AP probability, thus ensuring an inhibitory effect of axoaxonic cell activation despite a depolarized E GABA (red trace).
